Euphorbia , adaptations for weediness and long-distance dispersal, and mechanisms that might explain the multiple radiations of species in different regions of the globe.
Taxonomic issues in the Chamaesyce clade have revolved mainly around the appropriate rank at which to recognize the group. Some botanists (for example, Wheeler, 1941 ; Burch, 1965 ; Hassall, 1977 ; Koutnik, 1987 ) recognized the group as a separate genus, Chamaesyce Gray, because it is very easy to distinguish from other Euphorbia species. Others, from Boissier (1862) to Bruyns et al. (2006) , treated the group as part of Euphorbia , usually as a section, and Boissier was correct in treating it as section Anisophyllum Roeper. To date, Boissier (1862) was the only botanist to propose subclades within the Chamaesyce clade, in which he recognized eight subsections. Six of these represented small, relatively well-circumscribed groups of species. The other two subsections, however, were large and diverse, including both Old World and New World species; subsect. Chamaesyce included a group of 99 mostly prostrate species with solitary cyathia, and subsect. Hypericifoliae Boiss. comprised a group of 30 mostly erect species with clustered cyathia. All genus-wide molecular studies to date have unequivocally placed the Chamaesyce clade within Euphorbia , in the same subgeneric clade as the New World " Agaloma alliance " , which includes E. pulcherrima Willd., the familiar Christmas poinsettia ( Steinmann and Porter, 2002 ; Bruyns et al., 2006 ; Park and Jansen, 2007 ; Zimmermann et al., 2010 ) . The problem with inferring deeper relationships within the Chamaesyce clade is that until now only 11 species have been molecularly sampled, so there has been insuffi cient coverage to assess any of the main questions raised above or to assess Bossier ' s subsectional classifi cation.
Euphorbia is the only plant genus known to exhibit C 3 , C 4 , and CAM photosynthetic systems. Webster et al. ' s (1975) carbon isotope ratio determinations in Euphorbia found that C 4 species were restricted to the Chamaesyce clade, although two species in this group endemic to the southwestern United States and northern Mexico, E. acuta Engelm. and E. angusta Engelm., had isotope ratios consistent with C 3 photosynthesis. These fi ndings led Webster to hypothesize that the Chamaesyce clade had originated in subtropical and warm temperate areas in North America from C 3 ancestors, with E. acuta and E. angusta representing a transitional stage. Sage et al. (2011b ) subsequently used more refi ned techniques to confi rm that E. angusta has a C 3 system, whereas the closely related E. acuta and E. johnstonii Mayfi eld are actually intermediate C 3 -C 4 species. There are no clear reversals to C 3 photosynthesis in the Chamaesyce clade, although there is a radiation of 16 woody species in the Hawaiian Islands that includes several species restricted to wet montane forest understories or bogs and one species that forms trees up to 10 m tall ( Fig. 1G , H ; Koutnik, 1987 ; Lorence and Wagner, 1996 ) . C 4 species that grow in such mesic habitats or as trees are highly unusual, and there is evidence that some of these species have experienced modifi cations of the specialized Kranz leaf anatomy ( Herbst, 1971 ( Herbst, , 1972 Pearcy and Troughton, 1975 ; Sporck and Sack, 2010 ) . By including more samples among these species in particular, we aim to better understand the dynamics of C 4 photosynthesis in the Chamaesyce clade.
In this study, we used comprehensive taxon sampling and sequencing of the nuclear ribosomal ITS region, the nuclear low-copy coding region exon 9 of EMBRYO DEFECTIVE 2765 , and three chloroplast loci ( matK , the rpl16 intron, and the trnL-F spacer) to reconstruct the phylogenetic relationships within the Chamaesyce clade of Euphorbia . We fi rst wanted to MODELTEST v. 3.7 ( Posada and Crandall, 1998 ; Posada and Buckley, 2004 ) . Maximum likelihood (ML) analyses were performed in the program GARLI v. 1.0 ( Zwickl, 2006 ) for ITS and EMB2765 using the best-fi t model. Grouping credibility was assessed with 1000 bootstrap replications. Since GARLI was unable to conduct partitioned analyses, the combined cpDNA data set was analyzed using the program RAxML v. 7.0.3 ( Stamatakis, 2006 ) , partitioning each marker. Indels were excluded since neither GARLI nor RAxML is able to analyze binary data in their present versions. The nucleotide substitution model was set to GTR + γ as recommended by the RAxML manual, and 1000 ML bootstrap replicates were performed, followed by a thorough search for the best tree.
Bayesian inference was conducted in the program MrBayes v. 3.1.2 ( Huelsenbeck and Ronquist, 2001 ; Ronquist and Huelsenbeck, 2003 ) . Four independent runs of four chains each (three heated, one cold), starting from random trees, using the default temperature of 0.2, were run for 25 million generations (10 million for cpDNA). Trees were sampled every 5000 generations (1000 for cpDNA). Each analysis was conducted using the nucleotide substitution model GTR + I + γ as selected by AIC in MrModeltest v. 2.3 ( Nylander, 2004 ) . For the cpDNA data, the three concatenated gene regions, plus a binary indel data set, were partitioned into four character sets, allowing all parameters to be unlinked except branch length and topology. The binary indels were subject to " rates=gamma " since there is no invariable character in this data set. A branch length prior " brlenspr=unconstrained:exponentia l(100.0) " was applied to both the cpDNA and EMB2765 analyses to prevent unrealistically long branches ( Brown et al., 2010 ; Marshall, 2010 ) . All parameters were visually examined in the program Tracer v. 1.5 ( Rambaut and Drummond, 2007 ) to verify stationary status. Trees from the fi rst 2.5 million generations were discarded as the burn-in period, and the remaining trees were used to compute the majority rule consensus.
Before combining ITS, EMB2765 , matK , rpl16 , and trnL-F into a 5-locus data set, suspected hybrid accessions were excluded if they had divergent copies of EMB2765 in the 50% majority-rule consensus tree recovered from the Bayesian analysis. When EMB2765 data were not available, accessions were also excluded if they had incongruent ITS and cpDNA placement with Bayesian posterior probability (PP) ≥ 0.95 or ML bootstrap ≥ 70%. The 114 remaining accessions were combined into the 5-locus data set. No binary indel data were coded in this data set. The ML and Bayesian analyses were carried out following the same methods as for the cpDNA data set, except the 5-locus data set was partitioned into three character sets by ITS, EMB2765 , and cpDNA regions.
RESULTS
Monophyly of the Chamaesyce clade is highly supported by both ML and BI analyses of all data sets. Results also support a clade consisting of E. angusta , E. acuta , and E. johnstonii as sister to the rest of the Chamaesyce clade . These three species correspond to Euphorbia subsect. Acutae Boiss., as modifi ed by Mayfi eld (1991) , hereafter referred to as the Acuta clade. Overall statistics of all gene regions sequenced for this study are summarized in Table 1 , and results of the phylogenetic analyses are shown in Figs. 3 -5 .
Chloroplast matK, rpl16, trnL-F, and the combined cpDNA data set -We were able to obtain sequences of all three cp-DNA gene regions from 150 of the 155 total accessions. The remaining fi ve had either one or two regions that did not amplify due to degraded template DNA. The cpDNA alignments were rich in highly variable poly A/T and microsatellite repeats, especially in trnL-F , in which 227 of the 767 characters were excluded in three poly A/T sections and a 102-bp microsatellite repeat region. After excluding poly A/T and microsatellite regions, the remaining alignments were well aligned yet indelrich, especially in rpl16 , in which 184 indels were coded from the 1752-bp alignment. In the matK marker, the majority of indels came from the noncoding partial trnK intron region ( Table 1 ) .
Two short chromosomal inversions were detected in the rpl16 intron region. The fi rst, a 33-bp inversion starting from base pair 1280 in the initial alignment ( Fig. 2A ) , was observed in all and the adjacent partial trnK intron. When those primers were unsuccessful, two additional internal primers newly designed for this study were used to amplify the region in two pieces with trnK570f-matK1100r (5 ′ -TTC TGG TTG AAA CCA CAC-3 ′ ) and matK880f (5 ′ -GCG TCT TTC TTG AAC GAA T-3 ′ )-matK1710r, respectively. Similarly, the rpl16 intron was amplifi ed using primer pair rpl16-71f ( Jordan et al., 1996 ) and rpl16-1516r ( Kelchner and Clark, 1997 ) , and internal primers were designed to amplify this region in two pieces in diffi cult materials, with rpl16-71f-rpl16-770r (5 ′ -GAG AGG TAA CCC ATG ATC TC-3 ′ ) and rpl16-431f (5 ′ -AGA AGT GAT GGG AAC GAT GG-3 ′ )-rpl16-1516r, respectively. The trnL-F spacer was amplifi ed using primer pair trnL-e and trnL-f ( Taberlet et al., 1991 ) . The PCR profi le for all three cpDNA regions consisted of an initial 2 min denaturing step at 95 ° C, 40 cycles of 45 s denaturing at 95 ° C, 45 s annealing at 54 ° C, and 1.5 -2 min/kb " slow and cold " extension at 65 ° C ( Shaw et al., 2007 ) ; with a fi nal extension of 8 min at 65 ° C. EMB2765 was PCR-amplifi ed using the primer pair EMB2765ex9F2 and EM-B2765ex9R ( Wurdack and Davis, 2009 ). The PCR profi le consisted of an initial 2 min denaturing step at 95 ° C; 40 total cycles of 50 s denaturing at 95 ° C; a touchdown program of 1 min annealing at 60 ° C for 1 cycle, 59 ° C for 2 cycles, 58 ° C for 3 cycles, 57 ° C for 4 cycles, 55 ° C for 5 cycles, 52 ° C for 6 cycles and 50 ° C for 19 cycles, and a 1.5 min extension at 72 ° C for all 40 cycles to minimize PCR-induced recombination ( Cronn et al., 2002 ) ; then a 10 min fi nal extension at 72 ° C.
EMB2765 PCR products with greater than 1% superimposed peaks were purifi ed with QIAquick PCR Purifi cation Kit (QIAGEN) and cloned using TOPO TA Cloning Kit (Invitrogen, Carlsbad, California, USA) following the manufacturer ' s instruction. Transformed clones were incubated for 20 h at 37 ° C. Positive clones were picked and PCR-amplifi ed directly. Each PCR reaction contained 0.05 µ L Taq (5 units/ µ L, Qiagen, Valencia, California, USA), 1.5 µ L 10 × buffer, 0.5 µ L MgCl 2 (2 mmol/L), 1.2 µ L dNTP mix (2.5 mmol/L), 0.5 µ L each of M13 primers (10 µ mol/L, supplied with the TOPO TA kit) and 10.95 µ L of ddH 2 O. Cycling conditions were: 94 ° C for 4 min for cell lysis; 35 cycles of 94 ° C for 30 s, 52 ° C for 30 s, 72 ° C for 1 min; and a fi nal extension step of 72 ° C for 4 min.
All PCR products were examined by gel electrophoresis on 1% agarose gels. When positive, products were purifi ed with ExoSap-IT (USB Corp., Cleveland, Ohio, USA). For weak PCR products, or products with primer dimers, the QIAquick PCR Purifi cation Kit was used instead of ExoSap-IT. Cleaned PCR products were sequenced at the University of Michigan DNA Sequencing Core using the same PCR primers. For PCR products longer than 1 kb ( matK and rpl16 ), internal PCR primers were also used for sequencing to ensure double coverage. For PCR-amplifi ed positive clones, typically eight clones with the correct insertion size were sequenced once using the EMB2765ex9R primer only.
Phylogenetic analyses -Sequences were assembled and edited in the program Sequencher v. 4.10.1 (Gene Codes, Ann Arbor, Michigan, USA). Sequences were aligned in the program MUSCLE v. 4 ( Edgar, 2004 ) using the default parameters and manually adjusted in the program MacClade v. 4.08 ( Maddison and Maddison, 2005 ) . The full-length data matrices are archived in TreeBASE ( http://www.treebase.org , study number 11056), and sequences are deposited in GenBank (Appendix 1).
Segments of chloroplast gene regions ( matK , rpl16 , and trnL-F ) with poly A/T length variation or variable short repeats of uncertain homology were excluded from the analyses. Two short chromosomal inversions were detected in the rpl16 intron region ( Fig. 2 ). Both regions were inverted and complemented for phylogenetic analysis without scoring them as binary data ( Kim and Donoghue, 2008 ) . A separate analysis was done excluding regions with the inversion.
Indels were not coded for ITS and EMB2765 . For matK , rpl16 , and trnL-F , indels that could be unambiguously aligned were coded as binary characters following the simple gap coding criteria of Simmons and Ochoterena (2000) , as implemented in the IndelCoder module of the program SeqState v. 1.4.1 ( M ü ller, 2006 ) .
Each of the three cpDNA gene regions was initially analyzed separately using maximum likelihood (ML) and Bayesian inference (BI). Congruence between the individual chloroplast gene trees was visually inspected before concatenating the three regions into the fi rst three character sets of the cpDNA matrix. Binary indels from all three cpDNA markers were concatenated and became the fourth character set of the cpDNA matrix.
EMB2765 sequences with less than 1% superimposed peaks were coded as ambiguous at those sites, but sequences with more than 1% superimposed peaks were excluded and replaced by sequences from clones. When multiple sequenced clones had identical sequences, they were represented by a single sequence. ITS, EMB2765, and combined cpDNA matrices were each subjected to the analyses described next.
Models of sequence evolution that best fi t each gene region were determined by the Akaike information criterion (AIC) implemented in the program [Vol. 98 EMB2765 . Since only two base-pair substitutions occurred in the 33-bp inversion, and all three accessions in the 38-bp inversion had identical sequences, we reversed and complemented both inversions and included them in the alignment rather than coding them as binary data ( Kim and Donoghue, 2008 ) . In this manner, the inversion events were not scored for analysis, but the phylogenetic signal in corresponding aligned segments was retained. Analyses excluding both aligned segments containing inversions gave the same tree topology and highly similar branch support values (results not shown).
Muell. ex Boiss., and E. potentilloides Boiss., and in one of the four sequenced accessions of E. cinerascens Engelm. Monophyly of these six accessions is strongly rejected by all other cpDNA and nrDNA markers, as well as the rest of rpl16 . The second inversion in rpl16 is 38 bp long ( Fig. 2B ) and is found in E. stictospora Engelm., E. vellerifl ora (Klotzsch & Garcke) Boiss., and in one of the two sequenced accessions of E. mendezii Boiss., starting from base pair 1438 in the initial alignment. Monophyly of these three accessions is strongly supported by ITS and cpDNA, but not by Table 1 . Summary of chloroplast and nuclear gene regions used in this study. The cpDNA matrix comes from concatenated matK , rpl16 , trnL-F , and the binary indel data set. The 5-locus data set comes from concatenated exon 9 of EMB2765 , ITS, matK , rpl16 , and trnL-F .
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Lower ends of raw lengths are from partial sequences that the full-length sequences failed to amplify or sequence. DNA phylogenies confl ict with each other ( Fig. 3 ) , they often correspond to divergent placements of EMB2765 copies, as seen in E. eichleri M ü ll.Arg., E. carissoides F.M.Bailey, and E. porteriana (Small) Oudejans ( Fig. 4 ) . EMB2765 also reveals a number of cases in which multiple divergent alleles were recovered even when there is no signifi cant confl icting placement between ITS and cpDNA, such as in E. maculata ( Fig. 4 , in pink) and all native Hawaiian species in our sampling ( Fig. 4 , in red). The majority of cloned accessions in the Hypericifolia clade have alleles that are resolved in different positions within that clade, and these separations are at least moderately supported by Bayesian PP ≥ 0.80 or ML bootstrap ≥ 50%. In contrast, the majority of accessions cloned in the Acuta clade and the Peplis clade have alleles that are clustered together with their conspecifi c copies ( Fig. 4 , in green), except in the case of E. hooveri Wheeler, which has two divergent alleles, one of them nested within accessions of E. albomarginata Torr. & A.Gray and the other nested within E. serpens Kunth ( Fig. 4 , in orange). In addition, there are four species that have divergent copies resolving in both the Peplis clade and the Hypericifolia clade, namely E. blodgettii Engelm. ex Hitchc., E. garberi Engelm. ex Chapm, E. porteriana , and E. klotzschii Oudejans ( Fig. 4 , in brown).
Five-locus data set -Data from all fi ve loci were combined after removal of 35 accessions that were identifi ed as possible hybrids (Appendix 2). The 114 taxa remaining in the 5-locus data set produced a well-supported phylogeny, with most branches having Bayesian PP ≥ 0.95 and ML bootstrap ≥ 70% ( Fig. 5 ).
DISCUSSION
Three major subclades within the Chamaesyce clade -In agreement with previous molecular studies ( Steinmann and Porter, 2002 ; Bruyns et al., 2006 ; Park and Jansen, 2007 ; Zimmermann et al., 2010 ) , all our data sets (ITS, cpDNA, EMB2765 , and 5-locus) strongly support the monophyly of the Chamaesyce clade and its nested position within Euphorbia. Three major lineages within the Chamaesyce clade are strongly supported by both the cpDNA and the 5-locus data sets, namely, the Acuta clade, the Peplis clade, and the Hypericifolia clade ( Figs. 3, 5, 6 ) . Morphologically, species in the Acuta clade can be distinguished from the core Chamaesyce by their reduced stipules, lack of the typical C 4 Kranz anatomy , and decussate rather than distichous leaves. In the core Chamaesyce clade, however, there is no single character that can readily distinguish a species in the Peplis clade from those in the Hypericifolia clade. Nonetheless, it is notable that the majority of species in the Peplis clade are glabrous, perennial herbs with entire leaf margins. Species in the Hypericifolia clade are considerably more diverse, varying from annual and perennial herbs to woody perennials, often with toothed leaf margins and usually with some kind of pubescence.
There is very little correspondence between Boissier ' s (1862) large subsections Hypericifoliae and Chamaesyce and either the Peplis or Hypericifolia clades identifi ed from our molecular data. Therefore, Boissier ' s previous classifi cation appears to be of little value in designating major monophyletic groups. His other small subsections are nested within the Hypericifolia clade (two were not represented in our sampling), except for subsect. Acutae , which corresponds to our Acuta clade.
Evolution of C 4 photosynthesis -The C 4 photosynthetic system evolved at least 62 times in the angiosperms, with 36 Analysis of the cpDNA sequences produced a well-resolved backbone within the Chamaesyce clade, with three highly supported subclades, which we call the Acuta clade, the Peplis clade, and the Hypericifolia clade ( Fig. 3 ) . The Peplis clade and the Hypericifolia clade are strongly supported as sister to each other, and together we call them core Chamaesyce. The ML and BI analyses produced congruent tree topologies. However, a few clades that are supported by ML with bootstrap values ≥ 70% also received Bayesian PP < 0.50. Similarly, a few clades with ≥ 0.95 Bayesian PP received ML bootstrap values of 60% or less. None of these discrepancies are located along the backbone, and they only affect the interpretation of relationships among closely related species. These local discrepancies could be explained by the fact that BI incorporates the binary indel data, whereas ML implemented in RAxML does not.
Nuclear ribosomal ITS -The nuclear ribosomal ITS region was successfully PCR-amplifi ed in all but two of the 155 accessions. Occasional superimposed peaks ( < 1% in each sequence) were observed in a number of taxa. Higher rates of superimposed peaks ( > 2% in each sequence) were found in all native Hawaiian taxa. When we cloned the ITS sequences of the Hawaiian taxa, we recovered more than eight different alleles, including a possible pseudogene copy as evidenced by an unusually variable 5.8S-coding region (data not shown). Two other species, E. leucantha (Klotzsch & Garcke) Boiss. and E. tamanduana Boiss., had continuously superimposed ITS sequences, and their sequences were excluded from the ITS analyses.
The ITS region has a relatively high proportion of variable (40.5%) sites compared to cpDNA loci ( Table 1 ) . The BI and ML results are congruent with the same taxon grouping when ML bootstrap support is ≥ 70% and Bayesian PP is ≥ 0.95 ( Fig. 3 ) . Monophyly of the entire Chamaesyce clade, the Acuta clade, and core Chamaesyce are each well supported. Relationships among the major lineages within core Chamaesyce are less resolved compared to the cpDNA results, although in general the fi ne-scale relationships are better resolved by ITS.
Well-supported clades (Bayesian PP ≥ 0.95 and ML bootstrap ≥ 70%) are generally congruent between ITS and cpDNA, but there are 16 species with confl icting placement between ITS and cpDNA in well-supported clades ( Fig. 3 , species joined by lines between the trees). Also, the 17 taxa on the ITS phylogeny from E. deltoidea down to E. jejuna are grouped within the Peplis clade with moderate to weak support (Bayesian PP = 0.92, ML bootstrap < 50%), whereas cpDNA data strongly support placement of these taxa within the Hypericifolia clade (Bayesian PP = 1.00, ML bootstrap ≥ 85%). Given the low support levels of the branches leading to this group in the ITS phylogeny compared to the robust support values in the cpDNA tree, we included these taxa in the Hypericifolia clade in Fig. 3 .
Nuclear low-copy coding region EMB2765 -PCR amplification and direct sequencing of PCR products were successfully carried out in 124 of the 154 accessions for EMB2765 . Among them, 94 had less than 1% superimposed peaks, and the remaining 30 accessions with higher levels of superimposed peaks were cloned. Monophyly of the Chamaesyce clade, the Acuta clade, and core Chamaesyce are each highly supported, but relationships among major lineages within core Chamaesyce are poorly resolved ( Fig. 4 ) . Branches that are well-supported are generally congruent among EMB2765 , ITS, and cpDNA ( Figs. 3, 4 ) . When placement of species in the ITS and cp- independent occurrences in the eudicots ( Sage et al., 2011a ) . Within Euphorbiaceae, the only known C 4 species are members of the Chamaesyce clade. This is supported by genus-wide surveys of Kranz anatomy, CO 2 compensation points and 13 C/ 12 C isotope ratios Batanouny et al., 1991 ) . With 350 species, the Chamaesyce clade is the most speciesrich C 4 eudicot lineage, containing around one fi fth of all C 4 eudicot species. The question of where the C 3 to C 4 transition occurred, however, has been unclear because of the uncertainty of photosynthetic states and lack of knowledge about the phylogenetic relationships of the species.
Due to their general morphological resemblance and their largely overlapping distribution, Boissier (1862) grouped E. acuta , E. angusta , and E. lata Engelm. into subsect. Acutae. This classifi cation was followed by Webster et al. (1975) , who included all three species in the transitional group between C 3 outgroups and the remaining C 4 species. Mayfi eld (1991) subsequently modifi ed this circumscription by removing the C 4 E. lata from subsect. Acutae and adding to the group a newly described species, E. johnstonii , a northern Mexican endemic that also possesses reduced stipules and lacks Kranz anatomy. Mayfi eld ' s taxonomy is confi rmed by the molecular data presented here, with all four data sets grouping E. acuta , E. angusta , and E. johnstonii in the Acuta clade (= subsect. Acutae ), whereas E. lata was recovered nested within the Peplis clade ( Figs. 3, 5 ).
Webster ' s scenario of a transitional C 3 Acuta clade was complicated by the fi ndings of Sage et al. (2011a) , who provided detailed data indicating that both E. acuta and E. johnstonii are in fact C 3 -C 4 intermediates. In E. acuta , which was examined in more detail, there is low activity of key C 4 enzymes, and therefore it has a C 3 -like carbon isotope ratio in its leaves. However, Kranz-like anatomy and localization of glycine decarboxylase in the bundle sheath cells of E. acuta indicate that it is able to scavenge CO 2 produced by photorespiration in enlarged bundle sheath cells. This trait is considered to be an early and key step in the evolution from C 3 to C 4 photosynthesis. On the other hand, E. angusta was confi rmed to be a true C 3 species, and the species now excluded from subsect. Acutae , E. lata , has typical C 4 features in anatomy, gas exchange, and activities of key photosynthetic enzymes. Thus, the results of Sage et al. (2011a) confi rm the recircumscription of subsect. Acutae by Mayfi eld (1991) , and there is likely a partial transition from C 3 to C 4 in the Acuta clade.
According to our present knowledge on phylogenetic relationships and photosynthetic states (Fig. 6) , there are three possible scenarios for the evolution of C 4 photosynthesis in the Chamesyce clade: (1) C 3 to C 4 transitions could have originated at least twice, once within the Acuta clade and another time on the stem leading to core Chamaesyce; (2) alternatively, C 4 photosynthesis could have evolved once in the common ancestor of the entire Chamaesyce clade and then have gone through various degrees of reversal to C 3 in the Acuta clade; or (3) an ancestral C 3 -C 4 intermediate type in the common ancestor of the Chamaesyce clade could have given rise to all the C 3 , C 4 , and intermediate types in the extant species of the clade ( Christin et al., 2010 ) . Given the complexities of the intermediate photosynthetic types in E . acuta and E. johnstonii , and the small size and sister relationship of subsect. Acutae to the rest of the clade, we cannot yet be certain which of these scenarios might explain the evolution of C 3, C 4 , and intermediate systems within the Chamaesyce clade.
North American origin of the Chamaesyce clade -According to evidence from morphology, geographic centers of diversity, chromosome counts, and photosynthetic types, Webster et al. (1975) hypothesized that the Chamaesyce clade originated in subtropical and warm temperate areas of North America. This scenario is strongly supported by our molecular phylogenetic analysis ( Figs. 3 -5 ). The outgroup lineage sister to the Chamaesyce clade is mainly North American and corresponds to the former Euphorbia subgenus Agaloma (Raf.) House ( Steinmann and Porter, 2002 ) . Within the Chamaesyce clade, the entire Acuta clade and all but two species that are deeply nested in the Peplis clade, E. peplis L. and E. serpens , are endemic to the southern United States and Mexico ( Fig. 5 ). Species in the Hypericifolia clade, in contrast, have many different distribution patterns, including both cosmopolitan weeds as well as narrow endemics in both the New World and the Old World. Even so, a small clade consisting of E. astyla Engelm. ex Boiss. and E. jejuna , two Chihuahuan Desert endemics, is sister to the rest of the Hypericifolia clade, and all of the Old World groups are deeply nested in predominantly New World groups. Consequently, our data are consistent with a North American origin for the Chamaesyce clade as well as for each of the three major subclades. This makes it very likely that C 4 photosynthesis originated in this area as well.
Long-distance dispersal events from the New World to the
Old World -There is a group of species in the Hypericifolia clade that occurs either on oceanic islands or in coastal areas of Old World continents, represented in our sampling by seven species beginning with E. atoto G.Forst. ( Fig. 3 , in blue; Fig. 5 , shaded box). While cpDNA and EMB2765 do not fully resolve this group, both ITS and the 5-locus data sets support the monophyly of the seven species. Both data sets recover E. mesembryanthemifolia Jacq., a shrub native to the Caribbean, as the group ' s closest New World relative, followed by E. hypericifolia L., a weedy species native to the neotropics. Both of these closely related New World species are characterized by relatively large leaves and a more or less woody, ascending habit. Therefore, this oceanic Old World group most likely originated once from an ascending and shrubby ancestor in the neotropics. Subsequent dispersals have occurred throughout the Pacifi c coastlines, with widespread species such as E. atoto and E. ( Perry, 1943 ; Hans, 1973 ; Urbatsch et al., 1975 ; Hassall, 1976 ; Carr, 1985 ; Xue et al., 2007 ; A. M. Powell, unpublished manuscript) . Cloned accessions in the Acuta and Peplis clades with their conspecifi c copies clustered together are colored green; divergent cloned copies of E. hooveri are colored orange. Divergent cloned copies of the E. serpens complex that span both the Peplis clade and the Hypericifolia clade are colored brown. Within the Hypericifolia clade, accessions of E. maculata are in pink, Hawaiian endemics in red, and the closely related E. cinerascens in blue. Remaining accessions with divergent cloned copies are purple. The separation of the Hypericifolia clade from the Peplis clade in this tree is inferred from the more robust cpDNA and 5-locus phylogenies and is indicated by a dashed line. ← chamissonis (Klotzsch & Garcke) Boiss., as well as others that colonized coastal Australia such as E. coghlanii F.M.Bailey and E. psammogeton P. S. Green, southeast Asia (e.g., E. reniformis Blume) and the Indian Ocean (e.g., E. mertonii Fosberg and E. indica Lam.). None of the native Hawaiian species is recovered in this oceanic group, however, despite Hawaii ' s intermediate geographic position between the New World and the members of the E. atoto group. Therefore, a close relationship between Hawaiian Chamaesyce and E. atoto, as proposed by Degener and Croizat (1938) and Koutnik (1982) , is not supported by our molecular data.
Many species in the Chamaesyce clade possess a seed coat that becomes mucilaginous and sticky when wet ( Fig. 1C ; Jordan and Hayden, 1992 ) , and this type of seed coat is otherwise rare in Euphorbia . Mucilaginous seed coats have been shown to facilitate seed germination in other plant groups, particularly in weedy species or in desert habitats ( Gutterman and Shem-Tov, 1997 ; Ebrahimzadeh et al., 2000 ; Penfi eld et al., 2001 ) . The small, sticky seeds of the Chamaesyce clade can easily adhere to birds and thus enhance the likelihood of longdistance dispersal ( Jordan and Hayden, 1992 ; Steinmann and Porter, 2002 ) . A sticky seed coat is notably absent in the C 3 E. angusta, which could be interpreted as retaining the ancestral state of the clade, although it is present in the closely related E. acuta and E. johnstonii . A mucilaginous seed coat is also missing in inland Hawaiian species, but in this case it has been attributed to a secondary loss in insular habitats ( Jordan and Hayden, 1992 ) . Certain species such as E. mesembryanthemifolia and E. atoto also lack a mucilaginous seed coat. Instead, their seeds are able to fl oat in seawater, which could explain their distribution on islands and in coastal areas ( Carlquist, 1966 ; Jordan and Hayden, 1992 ) .
In contrast to the oceanic dispersal pattern exemplifi ed by the shrubby E. atoto and its allies, there is another Old World group in the Hypericifolia clade that shows evidence of long-distance dispersal between inland continental habitats. This clade ( Fig. 3 , in tan; Fig. 5 , shaded) consists of prostrate to ascending herbs and subshrubs. It includes a number of African and Eurasian species such as E. humifusa Willd. and the seven species from E. arabica Hochst. & Steud. ex Anderson to E. zambesiana Benth. It also includes inland Australian species such as E. australis Boiss., E. dallachyana Baill., E. schultzii Benth., and E. sp. nov. Australia. Some species in this inland group show incongruent relationships between ITS and cpDNA, and some of them also have divergent EMB2765 copies. These include inland African species such as E. tettensis Klotzsch, E. neopolycnemoides Pax & K.Hoffm., E. mossambicensis (Klotzsch & Garcke) Boiss., E. lissosperma S.Carter, and E. eylesii Rendle, as well as inland Australian species like E. carissoides and E. schizolepis ( Fig. 3 , in tan and with lines connecting incongruent placements; Fig. 4 ). However, accessions of many of the Old World species we were able to sample in this group came from herbarium specimens and were diffi cult to amplify or clone, so we may have failed to detect additional copies of EMB2765 . Better sampling with fresh leaf material among the inland Old World species is needed to better understand the relationships among species in this region.
Another Old World group in the Hypericifolia clade consists of only two species sampled here ( Fig. 3 , in purple) : E. forsskalii J.Gay is native to Africa, the Mediterranean region, and the Arabian Peninsula, whereas E. makinoi Hayata is native to eastern and southeastern Asia. Both ITS and cpDNA support the two as sister to each other, and together they are sister to E. dioeca Kunth, a widespread New World species. Like the previous group, this group would benefi t from freshly collected material to verify the relationship suggested here, as well as to check for multiple copies of EMB2765.
Contrary to the different kinds of long-distance dispersals evoked within the Hypericifolia clade, the Peplis clade is entirely New World except for E. peplis , which has a Macaronesian, Mediterranean, and European distribution. This species is nested in a clade of six other species, and all seven of them are specialized on either inland deep sand deposits or sandy beach habitats . Euphorbia peplis is thus the only species in the Peplis clade that appears to represent a dispersal event from the New World to the Old World.
Finally, more recent human-assisted dispersal has probably contributed to the cosmopolitan distribution of weeds such as E. maculata , E. hirta , E. prostrata Aiton, and E. thymifolia L., although we cannot rule out the possibility of prehuman dispersal events.
Widespread reticulate evolution -Divergent copies of EMB2765 and incongruence between chloroplast and nuclear data sets allow us to hypothesize 35 taxa of possible hybrid origin among the species of the Chamaesyce clade sampled here (Appendix 2). To untangle their relationships, we made four assumptions: (1) The chloroplast genome is contributed by the maternal parent, and thus a species of hybrid origin would group with the species most closely related to the maternal parent in the cpDNA tree. (2) Due to concerted evolution, ITS can be homogenized either toward the paternal or maternal sequence ( Alvarez and Wendel, 2003 ) . Therefore, ITS and cp-DNA could be incongruent if our ITS sequence had retained the paternal copy in a taxon of hybrid origin. (3) If we found two copies of EMB2765 , we expected divergent copies to cluster with both the maternal and paternal parents, due to the biparental nature of nuclear low-copy genes. (4) When a third copy of EMB2765 was found that resolved in a different phylogenetic position from the other two copies, it could be indicative of further hybridization events in the history of that taxon.
We should note that due to the broad scale of this study, in which we sequenced between two and four accessions for most Fig. 5 . Majority rule consensus tree recovered from Bayesian analyses of the 5-locus data set (exon 9 of EMB2765 + ITS + matK + rpl16 + trnL-F ), with putative hybrid taxa removed (see Appendix 2). Numbers above the branches indicate Bayesian posterior probabilities (PP); numbers below the branches are maximum likelihood bootstrap percentages (MLB). Thick branches indicate PP ≥ 0.95 and MLB ≥ 0.70%, and branches in dashed lines have Bayesian PP < 0.80 and MLB < 50%. Branch length scale is on lower right. ← cpDNA as an additional member of the sister clade to Hawaiian Chamaesyce ( Fig. 3 , cpDNA) . Cloning of EMB2765 PCR products detected three copies in taxa of the Hawaiian Chamaesyce clade ( Fig. 4 , in red) . Each species surveyed had all three copies, except for E. multiformis Gaudich. ex Hook. & Arn., which had only two copies. One of these copies supports the Hawaiian species as being closely related to E. stictospora , E. vellerifl ora , E. mendezii , E. leucantha . There are also two copies of E. cinerascens that are placed close to this clade, but with low support ( Fig. 4 , blue) , which is consistent with the cpDNA pattern observed in Fig. 3 . A second EMB2765 copy in the Hawaiian species gives weak support for them being sister to the third, divergent copy of EMB2765 in E. cinerascens . The third copy of EMB2765 in the Hawaiian species, however, does not reveal a highly supported sister group for this clade. Given the high chromosome numbers in counts of the four Hawaiian species surveyed thus far compared to other closely related Chamaesyce species ( Fig. 4 ) (2 n = 38, Carr, 1985 ) , allopolyploidy appears to have evolved early within the native Hawaiian species of the Chamaesyce clade. Also, since E. cinerascens has multiple copies of EMB2765, and its placement in the ITS phylogeny is different from the relationships inferred by the cpDNA tree, it may also have originated by interspecifi c hybridization.
According to our earlier assumptions, both E. cinerascens and the Hawaiian Chamaesyce clade appear to share the same or a closely related maternal genome, related to the clade of E. stictospora , E. vellerifl ora , E. mendezii , and E. leucantha . A different shared paternal parent for both E. cinerascens and the Hawaiian Chamaesyce clade is suggested by the second copy of taxa in our unreduced 450-accession data set, the hybrid relationships proposed here (taxa joined by lines in Fig. 3 and taxa with divergent copies of EMB2765 in Fig. 4 ; summarized in Appendix 2) are meant to be taken as working hypotheses for more detailed, population-level sampling involving both cytological and molecular studies. Because of the high number of taxa of possible hybrid origin that emerged from this study, we cannot examine each one in detail here. Instead, three of the most notable species or species complexes of hypothesized hybrid origin are presented below as examples.
Allopolyploid origin of the woody Hawaiian Chamaesyce -With 16 recognized species, the Hawaiian Chamaesyce clade represents one of the most notable radiations of woody taxa in the Hawaiian Archipelago ( Fig. 1, G and H) ( Ziegler, 2002 ) . Monophyly of the Hawaiian Chamaesyce clade was reported by Motley and Raz (2004) based on ITS sequence data, with extensive taxon sampling among Pacifi c Island species, but relatively little sampling from North America. Their study suggested that the closest relatives of the Hawaiian Chamaesyce clade were from the New World instead of other Pacifi c Islands. Our expanded sampling also supports the monophyly of the Hawaiian Chamaesyce clade ( Fig. 3 , in red) and recovers four small annual species commonly found in disturbed habitats in the southern United States, northern Mexico, and the Caribbean as the closest relatives of the group. These include E. stictospora , E. vellerifl ora , E. mendezii , and E. leucantha ( Fig. 3 ,  ITS) , which are all morphologically quite similar to each other. A fi fth species, E. cinerascens ( Fig. 1F ) , is a perennial species endemic to the Chihuahuan Desert, and it was identifi ed by Fig. 6 . Summary of the three major subclades within the Chamaesyce clade recovered from results of the 5-locus data set (exon 9 of EMB2765 + ITS + matK + rpl16 + trnL-F ), with corresponding photosynthetic systems and geographical distributions indicated. Numbers above the branches indicate Bayesian posterior probabilities and numbers below the branches are maximum likelihood bootstrap percentages. Photosynthetic systems are from and Sage et al. (2011a) ; closely related outgroups follow Steinmann and Porter (2002) . consisting of E. dioeca (Mexico to South America) and the Old World E. forsskalii and E. makinoi in the Hypericifolia clade, whereas ITS data places them nested among accessions of E. serpens in the Peplis clade ( Fig. 3 ) . In the EMB2765 phylogeny, each of these species has a copy of EMB2765 nested among multiple E. serpens accessions ( Fig. 4 , in brown, with only 2 of 20 accessions of E. serpens shown), in agreement with the ITS placement. Both E. garberi and E. porteriana also have a second copy of EMB2765 that is closely related to E. dioeca , in the Hypericifolia clade. This topology is consistent with the relationships shown in the cpDNA tree ( Fig. 3 ) , except that an EMB2765 copy of E. blodgettii is presumably missing. A third EMB2765 copy of E. garberi and a second copy of E. blodgettii are both clustered with other tropical New World species of the Hypericifolia clade that are also specialized on limestone substrates, such as E. deltoidea Engelm. ex Chapm. and E. turpinii Boiss. We hypothesize that a hybridization event occurred between E. dioeca or a closely related extant or ancestral species as the maternal donor and E. serpens as the paternal donor. This initial hybrid plant subsequently hybridized with E. deltoidea or a closely related species ( Fig. 7B ) , followed by differentiation of E. garberi , E. blodgettii , and probably E. porteriana . Both E. garberi and E. porteriana are sympatric with E. deltoidea , and all three species are restricted to pine rocklands on limestone outcrops in southern Florida; E. blodgettii also occurs in southern Florida, but extends into the southeastern United States and Central America.
Another suggested hybridization event between the Peplis clade and the Hypericifolia clade also involves E. serpens . Euphorbia klotzschii from southern South America is nested among accessions of E. serpens in the Peplis clade according to cpDNA data, whereas ITS sequence data place it sister to E. serpyllifolia Pers. in the Hypericifolia clade ( Fig. 3 ) . EMB2765 recovered two copies of E. klotzschii that correspond to the different ITS and cpDNA placements ( Fig. 4 ) . This implies that E. serpens could have been the maternal donor, and E. serpyllifolia , or a closely related species, was the paternal donor that led to E. klotzschii .
A third proposed hybrid species origin involves E. serpens and E. albomarginata, both of which are small, prostrate, glabrous herbs with white, membranous stipules and entire leaf EMB2765 , albeit with weak support ( " ancestral taxon 1 " in Fig. 7A ). This initial hybrid may have served as the maternal parent in a subsequent hybridization event ( " ancestral taxon 2 " in Fig. 7A ) , as evidenced by the third divergent copy of EMB2765 in the Hawaiian Chamaesyce. It would presumably have been this secondary hybrid that eventually reached the Hawaiian Islands through long-distance dispersal and subsequently radiated into the 16 species present there now.
Our results are consistent with the fi nding that a number of other Hawaiian angiosperm radiations are of North American origin involving hybrids and/or polyploids as well ( Carr, 1998 ; Baldwin and Wagner, 2010 ) , including the Hawaiian silversword alliance ( Barrier et al., 1999 ) , the Hawaiian mints ( Lindqvist and Albert, 2002 ) , Viola ( Ballard and Sytsma, 2000 ) , and Cuscuta ( Stefanovic and Costea, 2008 ) . These radiations appear to be associated with dispersal by birds and with hybridization before long-distance dispersal ( Baldwin and Wagner, 2010 ) . Allopolyploid taxa can exhibit great adaptive plasticity through increased heterozygosity, better masking of recessive deleterious alleles, and lower susceptibility to inbreeding depression ( Comai, 2005 ) . Such adaptive plasticity may facilitate colonization of new niches, such as in the Hawaiian Islands.
Apart from the Hawaiian radiation, there are also eight species in the Chamaesyce clade that are endemic to the Galapagos Islands ( Burch, 1969 ). Although we were not able to sample any taxa from this area, it would be an excellent group to study to determine whether polyploidy and hybridization were involved in their radiation as well.
Euphorbia serpens species complex -Euphorbia serpens , its sister species E. albomarginata , and fi ve other species that appear to involve E. serpens as one of their parents, together form a complex that we infer to have highly reticulate relationships ( Fig. 7B ) . Three of the species in this complex are very similar morphologically and are monophyletic in both the ITS and cpDNA phylogenies. These include E. blodgettii , which is widespread from the southeastern United States to Central America in somewhat disturbed habitats, and E. garberi and E. porteriana ( Fig. 1J ) , which are both narrow endemics restricted to limestone outcrops in southern Florida. The cpDNA data places these three species together and sister to a small clade margins. Euphorbia hooveri , a species that is morphologically quite distinct from E. serpens and E. albomarginata (see Fig. 1 , I and K ), was recovered in both the ITS and cpDNA phylogenies nested among E. albomarginata accessions in the Peplis clade ( Fig. 3 ) . However, E. hooveri has two EMB2765 copies, one nested among E. albomarginata accessions and the other nested with E. serpens accessions ( Fig. 4 , in orange) . Placement of these two divergent alleles suggests that E. hooveri may be of hybrid origin from ancestors allied to E. albomarginata and E. serpens . Euphorbia hooveri is a rare summer annual restricted to mud fl ats in ephemeral vernal pools in the Central Valley of California, whereas both putative parental species occur on a variety of soil types nearby in more upland habitats ( Hickman, 1993 ) .
One of the caveats of inferring parentage and reticulate relationships within a species complex is that population level sampling is required to account for complications such as lineage sorting, introgression, and other confounding factors. In our unreduced 450-accession data set, we analyzed ITS and cpDNA data in 20 accessions of E. serpens throughout its full range of distribution, as well as three accessions of E. blodgettii , two accessions of E. porteriana , and four accessions of E. albomarginata . When the multiple accessions are analyzed together, all fi ve putative hybrid species discussed earlier continue to have either ITS or cpDNA sequences deeply nested in E. serpens or E. albomarginata with strong support (data not shown), showing the same pattern as seen from the reduced data set in Fig. 3 . Although no conclusive evidence can be drawn, a consistent pattern within the more densely sampled species further supports the hypothesized reticulate evolution in E. serpens complex.
Euphorbia maculata -Euphorbia maculata is a small, prostrate summer annual, able to go through multiple overlapping generations within a single growing season ( Suzuki and Teranishi, 2005 ) , and it is one of the most common weeds across temperate North America and is naturalized worldwide. While both ITS and cpDNA analyses place it sister to the North American species E. meganaesos Featherman and E. glyptosperma Engelm. in the Hypericifolia clade ( Fig. 3 ) , two distinct EMB2765 alleles were recovered ( Fig. 4 ) . The fi rst allele corresponds to the ITS and cpDNA placement, grouped together with species that have chromosome numbers of 2 n = 22, while the other allele is closely related to E. dioeca , a species that may also be involved in the E. serpens species complex as well as other hybrid relationships. With a relatively high chromosome count (2 n = 40, Xue et al., 2007 ;  Fig. 4 ), E. maculata likely has an allopolyploid origin from species closely related to E. dioeca and E. glyptosperma ( Fig. 7C ) .
Conclusion -Through a complex suite of character switches, including physiology and anatomy (C 4 photosynthesis), seed morphology (sticky surface and small size), and life-history (reduced vegetative growth and prolonged reproductive stages), the Chamaesyce clade of Euphorbia has successfully adapted to warm and dry areas in subtropical North America, diversifi ed locally into three major clades, and subsequently achieved worldwide distribution through multiple long-distance dispersal events. During this process, genetic mixing through reticulate evolution and changes in ploidy level have produced new species with novel adaptations. This study provides a phylogenetic framework for further study into the physiology, biogeography, character evolution, and conservation status of the most diverse C 4 lineage among the eudicots. It also demonstrates the
